The crystallization process of isotactic polypropylene (iPP) was studied under both dynamic and isothermal conditions for a series of multi-wall carbon nanotube (MWCNT) composites with nanotube concentrations between 0.1 -1.0% by weight.
INTRODUCTION
Isotactic polypropylene is one of the most important contemporary semicrystalline polymers with a wide range of applications where the mechanical properties are frequently modified by the addition of fillers or nucleating agents [1] [2] [3] [4] [5] .
The use of carbon nanotubes (CNTs) as fillers in polymeric nanocomposites has received much attention [6, 7] notably due to their unique structure, with a high aspect ratio and extraordinary mechanical properties, making them very attractive candidates for polymeric materials reinforcement [8] [9] [10] [11] . A number of different studies have been undertaken in order to evaluate the influence of CNT fillers on the rheological, mechanical and electrical properties of iPP [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In iPP composites, factors such as the microstructure and degree of crystallinity, the crystallization rate and the crystalline morphology are considerably influenced by the presence of nanofillers or reinforcements present in the polymeric matrix. The understanding and control of these parameters related to the crystalline solid state of iPP is fundamental for the design of its properties.
Recently there has been a growing interest in the influence of CNTs on the crystallization behavior of iPP, both with regard to their nucleating activity and the generation of polymorphic crystalline forms [24] [25] [26] [27] [28] [29] [30] . However, whilst the nucleation activity of multi-wall carbon nanotubes (MWCNTs) on the crystallization of iPP is known there is relatively little information in the literature on the influence of MWCNTs on the crystallization behavior of iPP [17, 23, 26, [31] [32] [33] [34] [35] [36] [37] [38] , and to date no HT temperature cell (Mettler-Toledo Intl Inc.).
RESULTS AND DISCUSSION

Dynamic Crystallization
The crystallization exotherms of neat iPP and iPP in its respective binary composites, obtained in dynamic conditions by cooling from the melt, were observed to shift to lower temperatures and broaden as the cooling rate was increased. This is directly related to the formation of smaller crystals with a wider distribution of crystallite sizes. The evolution of the crystallization process from the melt state to the organized state was studied by following the variation in conversion, or the percentage of crystalline transformation, as a function of temperature for the various cooling rates analyzed. The tendency shown by the conversion curves, with a much accelerated primary crystallization even at the lowest cooling rates, did not allow the application of the Ozawa treatment for the analysis of non-isothermal crystallization kinetics [47] .
On the other hand, when we take into account the variation in the crystallization temperature, considered as the minimum in the T p with R, it is possible to estimate the nucleating activity of the MWCNTs, Φ, using the method developed by Dobreva y
Gutzow [48] , where the relationship between the undercooling of the system on crystallization, ∆T p and the crystallization rate is given by:
for the case of homogeneous nucleation, and by:
for heterogeneous nucleation, where
If we consider that when crystallization takes place in a temperature range relatively close to the melting temperature, the potential barrier for crystalline growth is much smaller than that corresponding to the crystalline nucleation process. Thus, crystallization will be governed by the crystalline nucleation stage, and the nucleation activity is given by:
which can be obtained from the gradients of eq. 2 and 3. This nucleation efficiency is directly related with the energy of adhesion between the nucleating substrate and the nucleated crystalline phase, β, by the expression:
where σ is the specific surface energy at the crystalline interface. When β → 2σ , Φ → 0, and the nucleating activity tends to its optimum, whilst on the contrary, when β → 0 , Φ → 1, and the nucleation activity tends to zero, as occurs in the case of homogeneous nucleation. In Figure 4 , eq. 2 and 3 are represented for neat iPP and the compounds analyzed, considering a value of 210ºC for the thermodynamic equilibrium melting temperature of iPP [49] . The values of Φ obtained oscillate between 0.88 for a MWCNT concentration of 0.1% to 0.77 for a concentration of 1.0%.
The nucleation efficiency can also be determined from the variation observed in the crystallization temperature of the iPP matrix in the MWNT nanocomposites with respect to that found in the same matrix by an auto nucleation process at the same cooling rate. In this situation, the concentration and distribution of crystalline nuclei and the nucleus-matrix interaction can be considered ideal, and the nucleation efficiency should be at its maximum [50, 51] . Given that the two extremes in the efficiency scale are the non-nucleated matrix and the auto nucleated matrix, the nucleation efficiency, NE , can be expressed as:
where T al y T pl are the temperatures of crystallization associated with the non-nucleated and auto nucleated matrix, respectively. Considering a value of T pl = 140 ºC [52] , values for NE from 27% to 36% were obtained for MWCNT concentrations between 0.1% and 1.0%, for a cooling rate of 10ºC/min. In Figure 5 , the evolution of both the nucleating activity and the nucleating efficiency are compared as a function of the concentration for the PP/MWCNT composites analyzed in this work.
Isothermal crystallization
The isothermal crystallization behavior of neat iPP has been analyzed over a crystallization temperature range between 126 and 133°C. Figure 6a shows the evolution of the crystallization exotherms of neat iPP. As the crystallization temperature increased, the exotherms shifted along the time axis. Both the induction time and the width of the exotherms increased, which reflects a reduction in the crystallization rate with decreasing undercooling of the system, ∆T. The isothermal crystallization behavior of iPP in the nanocomposites was analyzed over the crystallization temperature range between 132 and 144 ºC. In this case, the crystallization exotherms of iPP presented shorter induction times and a narrower integral area than those corresponding to neat iPP, and showed an apparent increase in the isothermal crystallization rate, Figure 6b for the case of iPP/MWCNT 0.25%. This behavior was generalized and occurred over the whole composition range analyzed.
The rate of crystallization, G, was analyzed using the values of τ 0.1 which corresponds to the time necessary to reach a degree of crystalline transformation of 10%. This parameter represents the global crystallization rate for each crystallization temperature considering that G ∼ (τ 0.1 ) -1 . A pronounced change in the crystallization rate was be observed as the temperature increased, in other words, as the undercooling decreased, Figure 7 . Also the apparent increase in the isothermal crystallization rate of iPP on the addition of MWCNT in the binary nanocomposites, shown previously by comparison of the crystallization exotherms, was now exhibited over the full temperature range analyzed. Thus, it can be deduced that the nanofiller produced a nucleating effect on the crystallization of iPP.
A saturation effect of the nucleating activity of the MWCNTs on iPP has been described recently in the literature for MWCNT concentrations between 0.2 -1.0% by weight [53] . Also, confinement effects on the polymer chains in the crystallization of nylon-6,6 in the presence of MWCNTs have been reported by Li et al [54] . Neither of these effects have been observed in the present work.
The crystallization kinetics was analyzed using the Avrami and Göler-Sachs models [55] . The Avrami model takes into account the perturbation of adjacent crystalline nuclei in the crystallization process, and the Göler-Sachs model assumes free crystalline growth. The Avrami model can be represented in the following manner:
where θ is the degree of crystalline conversion, k is the rate constant and n is the Avrami exponent that reflects the mode of crystalline nucleation and growth. In Figure   8 the variation in the crystalline conversion as a function of time is given for neat iPP and the iPP/MWCNT 0.25% composite. From these data, by the application of the Avrami model for each crystallization temperature over the temperature range analyzed, considering a crystalline transformation under 25%, values of the Avrami exponent, n ≈ 3 were determined in all cases. This value implies a three-dimensional heterogeneous crystal growth that is practically unchanged with the addition of MWCNT. Values of n ≈ 3 have also been found for some iPP/SWCNT composites [25] , and values between 2 and 3 for both iPP/SWCNT [24, 30] , and iPP/MWCNT composites [34, 35] .
The determination of this parameter allowed the analysis of the overall crystallization rate of the crystallization process from the rate constant, k, at each crystallization temperature by the following expression [56] : 
Melting behavior after isothermal crystallization
After isothermal crystallization at different crystallization temperatures, the nanocomposites were heated at 5 ºC min -1 to the molten state. The melting behavior of neat iPP showed a single endotherm with a well defined maximum, T m I, and some asymmetry in the lower temperature region, where shoulders, T m II, appeared for the higher crystallization temperatures, Figure 9a . Both the main endothermic maximum and the associated lower temperature shoulder shifted to higher temperatures with increasing crystallization temperature, T c . This is related to the formation of crystals whose sizes increase with the reduction in the degree of undercooling. The shift of both endotherms with increasing T c suggests the existence of partial crystal size segregation in the isothermally formed crystallites. The smaller crystals generated the lower temperature shoulders, and the enthalpy contribution of the melting of the larger more perfect crystals was included in the higher temperature endotherm. However, a contribution from the melting-recrystallization-melting of more imperfect crystals cannot be ruled out [45, 57] . 
Temperature coefficient
When polymeric materials are crystallized with low undercooling, i.e. high crystallization temperatures, the crystallization rate is higher the greater the undercooling. This implies that the crystallization process is controlled by the nucleation stage, i.e. by the free energy needed for the formation of a stable crystallite or the free energy of nucleation, ∆G * .
In agreement with the kinetic theory of crystallization [58] [59] [60] , independent of the type of regime, the crystallization rate G can be given by: [65] . The temperature T ∞ is that at which the viscosity of the system is infinite, and is equivalent to the value T g -30 which is 231.1 K for polypropylene. The parameter U is variable, and a value of 6.270 kJ kmol -1 is generally adopted. The representation of the first term of equation 8 versus 1 / 2.3 R T c ∆T is presented in Figure 10 for all of the samples analyzed.
The literature values for ∆H m are both variable and dispersed and are fundamentally conditioned by the method of determination [46] . However, it is possible to eliminate the influence of this parameter in the comparative analysis of the values of the interfacial free energies by applying the approximation of Hoffman, Davis and Lauritzen [58] , which establishes that the interfacial free energy can be given by the following expression, [66] , and are similar to those which occur in the presence of nucleating agents [67] [68] [69] [70] , nanofillers [71] , or different types of fibers where transcrystallization is observed [49, 72] . Recently Razavi-Nouri et al. [73] observed a progressive decrease in the basal interfacial free energy associated with the It is accepted that the presence of a foreign substrate in the iPP melt frequently reduces the critical size of the crystalline nucleus necessary for subsequent growth, since the generation of an interphase between the polymeric crystal and the substrate may be less restricted than the creation of a crystalline nucleus from the melt [74] . As a matter of fact, heterogeneous nucleation occurs through the reduction of the free energy of nucleation, which gives rise to a higher nucleation rate and, as such, a higher crystallization rate.
The free energy of nucleation, i.e. the free energy necessary for the formation of a nucleus of a critical size, is given by the expression, ∆G*, which increases with smaller undercooling, was lower for the iPP/MWCNT composites than for neat iPP at the same crystallization temperature, Figure 11 , which confirms that the energy barrier for nucleation is lowered in the presence of the MWCNT component, leading to an increase in the overall crystallization rate.
It is clear that the viscosity of the iPP melt increases with the concentration of MWCNT, and consequently the energy required to transport the polymeric chains to the growing crystalline lamellae also increases. This increase in the transport energy, which is opposed to the increase in the overall crystallization rate, is mitigated by the reduction in the free energy of nucleation which favors the crystallization process, such that the resulting balance in the process is an increase in the rate of crystallization with increasing MWCNT content over the concentration range studied. 
CONCLUSIONS
